Abstract Recent developments in neuroscience techniques such as brain imaging, functional brain imaging, and non-invasive brain stimulation, have made it possible to directly study able-bodied humans while engaged in various motor tasks. As a result of these technological advances, the last couple of decades have experienced a significant increase in new findings in the field of motor control and, more specifically, on the control of gait and posture. However, there are still a lot of difficulties and limitations in studying human neural activities during dynamic movements, like walking. In this short review, recent advances in knowledge on human gait and posture will be reviewed.
Introduction
Since Sherington's pioneer work on reflex studies, primarily in animals, it has been believed that experimental results obtained from human subjects provide only indirect neuroscientific evidence, requiring validation in socalled "reduced preparations" (i.e., animals with specific operations). However, recent developments in neuroscience techniques such as brain imaging, functional brain imaging, and non-invasive brain stimulation, have made it possible to directly study able-bodied humans while engaged in various motor tasks. As a result of these technological advances, the last couple of decades have experienced a significant increase in new findings in the field of motor control and, more specifically, on the control of gait and posture. In this short review, recent advances in knowledge on human gait and posture will be reviewed, which will hopefully assist readers in deepening their understanding of neural mechanisms underlying human motor control.
Neural control of human bipedal walking
Human bipedal walking in an upright posture is inherently unstable from a physical point of view, unlike physically stable quadrupedal locomotion. It may be easily claimed that, for many aspects, the neural mechanisms underlying bipedal and quadrupedal locomotion are inherently different. At the same time, the extent to which these two different locomotion styles share common neural mechanisms has remained poorly understood. In the following section, recent advances in knowledge on the contribution of the higher nervous center and of spinal neural circuits, specifically the central pattern generator (CPG) for human bipedal walking, are summarized and discussed in the current perspective of neural sciences.
Contribution of the higher nervous centers.
To what extent is the central command from the higher nervous centers needed to facilitate and maintain human bipedal walk? This is a fundamental question regarding the neural mechanisms controlling human walk. Needless to say, the motor cortex is required to enable human walking, considering that pathophysiology of brain diseases -such as stroke, Parkinson's disease, and cerebral palsy -indicates that a lesion of the motor cortex or other parts of the brain can impair, to a great extent, the ability to walk independently. However, the exact roles that different parts of the brain play in, for example, the initiation, execution, and maintenance of walking are still unknown. The answer can certainly be deduced from animal studies; though, again, we should keep in mind that the underlying neural mechanisms of human bipedal walking should not necessarily be the same as those of quadrupedal locomotion. Fig. 1 is a schematic representation of the neural mechanisms underlying human bipedal walk, which is deduced mostly from animal studies 1) . As to so-called locomotor regions in the brain, so far a few different regions in the diencephalon (SLR: subthalamic locomotor region), mesencephalon (MLR: mesencephalic locomotor region), and cerebellum (CLR: cerebellar locomotor region) have been identified. Again, it is unknown whether those locomotor regions really exist in the human brain or not; however, more or less similar regions are supposed to work for human bipedal walk as well. Actually, there is a study showing similar supraspinal locomotor regions in the human brain that are active during mental imagery of bipedal walking 2) (Fig. 2 ). 3) . They have shown that TMS induces a significantly large motor-evoked potential in the inactive TA during the stance phase of treadmill walking, suggesting that a subliminal fringe of the corticospinal tract to the TA motoneuron pool is enhanced in this phase. These observations imply that the rate of excitability in the corticospinal tract innervating the TA motoneurons is facilitated during walking compared with resting, although the EMG activity is negligible.
More recently, by using brain imaging techniques, some studies have located the brain regions that are activated during human bipedal walking. Of those studies, the technique that Hanakawa et al. (1999) used was unique in the sense that it succeeded in figuring out several brain regions activated and deactivated during normal and Parkinsonian gait, respectively 4) . The brain imaging technique they utilized was a single photon emission tomography (SPECT) scan, which is used to view how blood flows through arteries and veins in the brain. The results revealed that, during normal gait, both basal ganglia and cortical motor areas were prominently activated, which was concomitant with increased activation in the brain stem and cerebellum. Of particular interest was a notable decrease in activation in the supplementary motor area (SMA) in patients with Parkinson's disease, suggesting that the motor system, including SMA, has some relation to particular locomotor deficiencies in that particular neurological condition.
Central pattern generator (CPG).
Central pattern generation is defined as the generation of oscillatory flexor and extensor ventral root outputs from the neural circuits been observed during specific gait with reciprocating long leg orthosis (Fig. 3 ) 8) . Modulation of the observed EMG amplitude was reported to be correlated with peak load and hip joint angular velocity as well, suggesting that afferent inputs, associated with limb load and hip joint motion, play an essential role in locomotor pattern generation from the assumed spinal pattern generator.
Using magnetic stimulation, electrical or vibratory peripheral nerve stimulation, or combinations of these stimulation modes, it has recently been demonstrated that the 'intact' human spinal cord can induce stepping-like lower limb movements in a "gravity neutral" condition 9, 10) . These reports strongly suggest that the intact human spinal cord alone has the potential to generate steppinglike alternative lower limb motion without continuous descending inputs from the supraspinal nervous centers.
Reflex regulation during human bipedal walk. Following the first report of Capaday and Stein (1986) 11) , amplitude modulation of the H-reflex, an electrical analog of the stretch reflex during human walking, has been extensively studied, providing evidence that the H-reflex amplitude is modulated in a phase-dependent manner. This phase-dependent modulation has been demonstrated in other reflexes, such as cutaneous and stretch reflex responses during human walking 12) . The phase-dependent nature of various reflex systems implies that the central nervous system regulates reflex excitability in a way that matches its functional requirements with respect to the walking phase. In particular regard to the stretch reflex response during human walking, Andersen and Sinkjaer (1995) 13) have developed a specific portable stretch device to induce stretches of the ankle muscles when a of the spinal cord in the absence of oscillatory input from the brain or from the periphery 5) . It has been well established that, from phylogenetically old invertebrates to mammals, central pattern generation is the common feature of the central nervous system enabling rhythmic movements or locomotion. In mammals, spinal cord neural circuitries, specifically, are known to have the ability to generate a rhythmic motor pattern. To what extent, however, the mammalian spinal cord can generate locomotion independently from the supraspinal centers has been a question that many researchers have worked on for about the last two decades. Respective insights may have significant relevance for the rehabilitation of individuals with complete and incomplete spinal cord injuries (SCI). Concerning the spinal cord of a cat, it was demonstrated, mostly in the 1990s, that the adult spinal cord can execute full weight-bearing stepping over a range of speeds, independent of supraspinal input. In humans, however, consensus is that sufficient muscular force cannot be generated by spinal neural circuits alone in order to bear body weight during stepping. At the same time, Harkema et al. (2000) reported that, "under optimal conditions of limb loading, treadmill belt speed, and appropriate kinematics, participants with clinically complete SCI could generate 3-10 consecutive steps without assistance on at least one leg" after several months of body-weight support stepping (BWSS) training. This case reported by Harkema's research group seems to be quite a rare case. In complete SCI individuals, EMG bursts of only low amplitude are known to be elicited when lower limbs are assisted in stepping by therapists or robots. Nevertheless, the finding of the patterned EMG activities induced in paralyzed human lower limb muscles was quite important, because it was regarded as the motor output generated by the interaction between spinal CPG and peripheral afferent inputs, indirectly suggesting the existence of spinal CPG in humans. Regarding human spinal CPG, several findings have been revealed, and these mostly from observations of individuals with SCI. Dietz et al. (1999) 6) have reported that the inter-muscular EMG pattern, induced in the paralyzed lower limb muscles of cervical cord-injured patients during BWSS on a treadmill, was closer to that in healthy subjects than thoracic and lumbar cord-injured patients. This observation suggests that neuronal circuits, underlying locomotor "pattern generation" in humans, are not restricted to any specific level(s) of the spinal cord; but that an intricate neuronal network contributing to bipedal locomotion extends from thoracolumbal to cervical levels. Harkema et al. (1997) 7) demonstrated in their early work that modulation of the EMG amplitude from the ankle extensors during BWSS, both across steps and within a step, was more closely associated with limb peak load than muscle-tendon stretch or its velocity. They concluded that the human spinal cord, given appropriate sensory inputs, can modulate motor pool output that may facilitate locomotion. The locomotor EMG pattern has used to elicit reflex responses during the human walking cycle. The results showed that short-latency reflex EMG responses, after the impact of the drop (50 ms), were consistently observed in both the ankle flexor and extensor muscles in the perturbed leg (Fig. 5 ). Of particular interest was the distinct response that appeared in the TA muscle, although this muscle showed little background EMG activity during the stance phase. These results indicate that the reflex activities in the ankle muscles responded when the supportive surface was unexpectedly destabilized just after the heel strike while walking. These reflex responses were most probably mediated by the facilitated stretch reflex pathways of the ankle muscles at the early stance phase and were suggested to be relevant in securing stabilization around the ankle joint during human bipedal walking.
Neural control of human bipedal posture
Bipedal upright posture is one of the unique abilities that only human beings inherently possess. As such, the neural mechanisms of human upright posture can only be understood by studying humans, and not animals. However, it is assumed that basic neural mechanisms, for example generating postural tone in humans, are the same as those in quadruped animals. Therefore, numerous animal experiments have been conducted to reveal neural centers that play an essential role in keeping postural tone or initiating locomotion. So far, in neurophysiological experiments using cats, several nuclei in the brain stem, such as the pedunculopontine tegmental nucleus, locus coeruleus, and raphe nuclei have been found to be regions that directly increase or decrease postural tone 17) . In humans, there has been no direct evidence that the same regions in the human brain stem are active while standing, while a few brain-imaging studies have reported regions that are activated during quiet standing 18) . Novel technologies that will potentially be developed in the not too distant future may enable us to detect active regions in the human brain while maintaining upright posture.
In the following section, we will discuss studies aimed exploring the neural principle of human postural control by using biomechanical analysis, but also explore recent subject is walking on a treadmill. Using this device, they have demonstrated how stretch reflex EMG responses in the soleus (SOL) or TA muscles are modulated at various phases in the human walking cycle (for example see 14) . Among the many findings in their series of studies, one of the noteworthy features of stretch reflex modulation was that reflexes in both the SOL and TA are facilitated at the stance phase, even though background TA activity is silent during this phase. These observations lead to the hypothesis that one of the roles of the stretch reflex function in the ankle muscles during walking would be to stiffen the ankle joint so that the joint becomes more stable. Such a stabilization would be quite important in order to ensure ankle joint support soon after the heel strike 15) . Thus, on the basis of these observations, it could be hypothesized that, when the supporting leg just after the heel strike is perturbed by removing the walkway or dropping the supportive surface, significant and sizable responses occur in both the ankle extensor and flexor muscles. To test this hypothesis, the authors developed a new experimental device that makes it possible to drop the supportive surface while a subject is walking (Fig. 4) 16) . The perturbation used in this study more closely approximated the natural disturbances occurring in everyday life than the conventional electrical or mechanical stimuli previously studies focusing on the involvement of the higher nervous center and modulation of local reflexes during quiet standing.
Biomechanics of human quiet standing. Human quiet standing is often approximated as a single-link inverted pendulum that pivots at the ankle joint in the sagittal plane (Fig. 6) (e.g., 19 ). Because the center of mass (CoM) is usually maintained in front of the ankle joints during quiet standing, gravity continuously acts on the pendulum to produce a forward toppling torque. At the same time, the ankle extensor muscles coupled to the pendulum by the series elastic elements (SEE) pull the pendulum backward to prevent it from falling. The dynamic equation of the pendulum is as follows:
where І is the moment of inertia of the body around the ankle joint; θ the CoM angle relative to the earth vertical; m the body mass (except the feet); g the gravitational acceleration; h the distance between the ankle joint and the CoM; and T a the ankle extensor torque. Eq. 1 indicates that disagreement between the gravitational toppling torque and the ankle extensor torque is proportional to angular acceleration of the pendulum.
Mechano-reflex hypothesis. The ankle extensor torque needed to counteract gravitational toppling torque can be evoked passively and actively 19, 20) . The passive torque component arises from intrinsic mechanical properties (i.e., stiffness and/or viscosity) of muscles, aponeurosis, tendons, and other connective tissues, which act instantaneously. On the other hand, the active torque component is generated via muscle contractile elements that are regulated by neural commands.
Until the mid 1990s, it had been generally assumed, for nearly a century, that the control of human upright stance solely depended on low-level mechano-reflex mechanisms. That is, when the body swayed forward, stretched calf muscles passively generated the restoring force in a spring-like manner. If passive stiffness could not provide adequate force to counteract gravity on its own, neural reflexes provided additional force to restore the pendulum. 21) argued against the above-mentioned mechano-reflex hypothesis and proposed a relatively simple control scheme for maintaining upright stance (stiffness control hypothesis). Their argument was based on the following findings: (1) the visual system does not appear to contribute to the control of upright stance; (2) the head and joint motions during quiet standing are below physiological thresholds of the vestibular and proprioceptive systems, respectively; and (3) if mechano-reflex mechanisms were present, inevitable neuromuscular transmission delays (estimated at 150 to 200 ms) would create feedback instability. The stiffness control hypothesis insists that the passive mechanical stiffness of the active calf muscles per se can provide enough force to restore the pendulum. In their theory, the intervention of the central nervous system is limited to set the appropriate tonus (elastic coefficient K) of the calf muscles. This can be possible as long as the calf muscles are stiffer than the "load stiffness" (mgh). In other words, for a given sway angle (∆θ), the calf muscles should acquire more elastic energy by being stretched (K∆θ) than the potential energy the pendulum loses (mgh∆θ). Winter et al. (2001) 22) directly estimated ankle stiffness from linear regression of the ankle torque and sway angle during quiet standing; and revealed that ankle stiffness was 8.8 % larger than load stiffness.
Stiffness control hypothesis. Winter et al. (1998)
Active, non-spring like control hypothesis. After its proposal, the stiffness control hypothesis quickly ran into problems. Criticism was initially made by Morasso and colleagues 23) , who pointed out that: (1) the method of estimating ankle stiffness, proposed by Winter et al. (2001) 22) , did not exclude the effect of active neural modulation; and (2) physiological values of intrinsic ankle stiffness (the word "intrinsic" means without neural modulation) were too low to prevent a forward fall of the body. Recently, two research groups investigated intrinsic ankle stiffness during quiet standing using small ankle rotations and revealed it to be 91 ± 23% 20) and 64 ± 8% 24) of load stiffness. In addition, using a system identification technique, Vette et al. (2010) 25) estimated intrinsic ankle stiffness as 83 ± 7% of load stiffness during quiet standing. Loram and Lakie (2002) 20) attributed the identified compliance to the SEE (Achilles tendon and foot) rather than the active calf muscles. When one measures the stiffness of a series arrangement of springs with different constants, the combined stiffness is smaller than the stiffness of the most compliant spring. In the situation of human quiet standing, because the compliant SEE limits the combined stiffness of the series arrangement, any constant contraction of the muscle cannot provide sufficient stiffness:
In order to raise the combined stiffness (K total ) above the load stiffness (mgh), the muscle contractile element is predicted to behave like a "negative spring". That is, when the body sways forward (and the muscle-tendon complex of the calf muscles, as a whole, lengthens), the muscle contractile element shortens (and vice versa when the body sways backward). Loram et al. (2005) 26) proved the validity of this prediction by tracking tiny muscular movements, occurring during unperturbed, quiet standing, with a real-time ultrasound and automated image analysis technique. Although the above-mentioned muscle movements can be produced by reflex coupling of extrafusal (EF) and intrafusal (IF) drive or the positive force feedback mechanism, in principle, Loram et al. (2005) 26) suggested that higher-level anticipatory control involving internal models is more plausible.
Involvement of the higher nervous centers in the control of human standing posture
It is technically difficult to detect specific brain regions activated while standing. However, Ouchi et al. (1999) 18) succeeded in determining the regions activated, while human subjects were keeping an upright posture, by using their mobile gantry PET (positron emission tomography) system. They reported that, as compared with the supine posture, the cerebellar anterior lobe and the right visual cortex increased cerebral blood flow levels. Jahn et al. (2008) 2) used functional magnetic resonance imaging (fMRI) to detect brain regions activated during mental imaging of standing. They reported that while imagining standing, the thalamus, basal ganglia and cerebellar vermis were activated.
There have been several studies investigating cortical involvement in the control of human standing. The excitability of the motor cortex can be investigated with transcranial magnetic stimulation (TMS). The muscular response (called the motor-evoked potential: MEP) to TMS reflects the changes in the excitability of corticospinal tract neurons (CTNs) and spinal motoneruons. In general, MEPs from TMS are compared with the responses obtained from the H-reflex or MEP from transcranial electrical stimulation (TES) in isolating the involvement of the motor cortex from the spinal and subcortical levels. TES is the method to activate the axons of corticospinal neurons directly. Using these techniques, cortical involvement in human standing posture has been investigated by some researchers. For example, Solopova et al. (2003) 27) reported an increase in SOL and TA MEP amplitude with TMS and no change in SOL H-reflex amplitude during balancing on a movable platform when compared to standing on a rigid floor. In more recent studies, Tokuno et al. (2008) 28) reported an increase in SOL and TA MEP amplitude with TMS, but no changes or decrease in SOL H-reflex amplitude or TES-evoked SOL and TA MEP amplitude during quiet standing, when compared to supported standing. Furthermore, they also reported that SOL H-reflex, SOL MEP with TMS, andSOL MEP with TES were all greater during forward sway, when compared to backward sway. These results suggest that cortical control of the ankle muscles becomes more prominent as human standing posture becomes more unstable, while postural sway is controlled at the spinal and/or subcortical levels.
Spinal reflex modulation during upright standing
The H-reflex test has been utilized as a major probe to investigate sensorimotor integration on the spinal neuronal circuits in humans while performing various motor tasks. During quiet standing, the H-reflex amplitude of the major anti-gravity muscle, soleus (SOL) is known to be suppressed compared to that while sitting, lying prone or standing with back support (e.g., 29). The decrease in SOL H-reflex was also observed when postural tasks become more challenging, such as when standing with a reduced base support or on an unstable surface 30) . It is suggested that these inhibitions during standing may help avoid excessive autogenic excitation of the SOL motoneuron and ensure receiving central descending commands. In addition, the decrease in H-reflex amplitude during standing is thought to relate to segmental and supraspinal mechanisms playing upon the SOL motoneruon. Not a few researchers suggest the involvement of descending commands as the neural origin of presynaptic inhibition. On the other hand, more recently, it has been reported that reduced SOL H-reflex in a passive standing posture is observed in patients with complete spinal cord injuries, as well as in healthy young subjects, suggesting that peripheral sensory inputs can also induce excitability changes in the SOL H-reflex without the descending command 31) . Load-related sensory information from the lower limb muscles and joints, and the sole of the foot, during standing, likely contribute to the modulation of the SOL H-reflex during standing. It has been reported that mechanical loading of the sole of the foot reduced the amplitude of the SOL H-reflex 32) , whereas the SOL H-reflex was enhanced under the reduced loading condition of the ankle and knee joints 33) .
Conclusion
In summary, recent advances in human gait and posture studies were summarized and discussed in this short review. Although both upright gait and posture are the most fundamental motor functions in humans, there are still many aspects that remain unanswered, especially with respect to the neural control mechanisms underlying those functions. Since studies on the neural mechanisms controlling human gait and posture are relevant to the neurorehabilitation of individuals with motor deficiencies, advances in this research field may potentially contribute to the development of novel rehabilitative interventions and assistive technologies.
